have provided a comprehensive review of the empirical literature on the role of cognitive skills in economic development. They present considerable evidence supporting the hypothesis that workers´ cognitive skills, largely acquired through the formal schooling process, drive income growth at both a micro and a macro level.
A major portion of their article presents their own empirical research relating average scores on international tests to cross-country rates of economic growth over the period. This research extends prior research presented in Jamison, Jamison, and Hanushek [2007] , Hanushek [2006] , and Hanushek and Kimko [2000] , which found similar results in earlier historic periods. Based largely on the results from these statistical analyses, they conclude that it is a nation's schooling quality, measured by scores on international tests of math and science skills, rather than its schooling quantity, measured by average years of attainment, that is associated with economic growth. 1 Hanushek and Woessmann (hereafter denoted HW) question whether the expansion of low-quality schools in low-income countries is a productive development strategy. In particular, they motivate their article by asking whether international initiatives, such as Education for All, or the Millennium Development Goals, may be misguided because they focus on the quantity rather than the quality of schooling. This paper challenges several components of HW's article. First, I demonstrate that HW's [2008] statistical results are invalid because their growth model is mis-specified and the test score data they use in the model is not representative of the work force during the growth period. Second, I present statistical results that contradict their results showing that the quality and not the quantity of schooling is associated with economic growth. Third, I question their assumption that test scores are an accurate measure of school quality. This paper shows that when the effect of either international test scores or years of schooling attainment is estimated with appropriate data in a properly specified model, either measure can explain cross-country differences in national income. It then presents a series of statistical comparisons in alternative income models to demonstrate that average schooling attainment explains a larger share of income variation across countries and has greater statistical significance than average test scores. This finding holds when the two measures are examined separately or together in the same model. This paper is organized as follows. Section I reviews HW 's [2008] analysis of the correlations between test scores and years of schooling and economic growth. Section II presents alternative models for comparing the effect of different measures of human capital on national income. Section III presents the empirical results for these models. Section IV examines the relationship between average test scores, human capital, and school quality. Section V concludes.
I.
Hanushek and Woessmann's Statistical Analysis HW's [2008] conclusion that schooling quality, not quantity, affects economic growth is based in large part on the statistical results from their models of economic growth. They estimate four models using data for 50 countries. In their simplest model, a nation's rate of becomes small and statistically insignificant. They obtain similar results with their more complex models. They conclude from these results that it is the quality, not the quantity of schooling that is linked to economic growth. 
Evaluation of Hanushek and Woessmann's Growth Model
In evaluating whether HW's conclusion is valid, it is important to examine both the structure of their growth models and the data they used to estimate these models. This evaluation is not straight-forward because HW do not explain the conceptual basis for their various models. Instead they report that the literature includes two theories about how human capital affects growth: Endogenous growth theory indicates that the initial level of human capital determines the rate of growth over the subsequent period. Neoclassical growth theory indicates that changes in the stock of human capital over a period determine the rate of growth during this period.
Their various models include elements from both theories, but in a combination that lacks any consistent conceptual framework. Their simplest model is consistent with some endogenous growth theories, but their more complex models are more characteristic of neoclassical growth theory. In the absence of a defined conceptual framework, their empirical results must be Most endogenous theories of growth suffer from an implicit conceptual problem. They assume that a nation's level of human capital affects its rate of growth over a subsequent period, but the length of the period is not defined. As the time period becomes longer, it becomes increasingly difficult to accept the theories' implicit assumption that increases in human capital during the period are not affecting the rate of growth. Micro studies of the effect of workers' schooling on their future earnings consistently show that increases in schooling raise workers' incomes [Krueger and Lindahl, 2001] . Given this strong micro evidence, it is not surprising that in HW's models the level of schooling in 1960 cannot explain the rate of growth over the subsequent 40 years.
All of HW's models estimate economic growth as a function of income at the beginning of the period (1960) . This variable is included in dynamic neoclassical models. Neoclassical models presume that a nation's rate of growth is converging on a global steady-state rate.
2 The initial level of income is included to control for the higher rate of growth expected to occur if the difference between the steady-state level and the actual level of income is greater at the beginning of the period. The negative, statistically-significant, estimated coefficients on the initial level of income in all of HW's regression models support the neoclassical theory.
Given that HW's empirical results are more consistent with neoclassical than with endogenous growth theory, it seems reasonable to compare the structure of their growth models to the structure of a conceptually-rigorous neoclassical model. The Solow-Swan model augmented with human capital can be used for this evaluation:
In this model Y is national income, K is the physical capital stock, H is the human capital stock, L is the number of workers, and A includes other national characteristics affecting total factor productivity.
In the standard dynamic version of this model, growth during a period of convergence (i.e., between 0 and t) is a function of a nation's initial level of income and a series of rates that are assumed to be constant over the period [Mankiw, Romer, and Weil, 1992] :
In this model s k and s h are the nation's rates of investment in physical capital and human capital, n is the rate of growth in the labor force, g is the rate of growth in world technological productivity (the Solow residual), δ k and δ h are the rates of depreciation in physical and human capital, and λ is the rate of convergence on the steady state rate of growth over the specified period.
This model has some similarities to the HW models, but it also has many differences.
One difference is that the HW models do not include any variables for physical capital. In their first three models, the rate of investment in physical capital is an omitted variable. In the fourth model the institutional variables may be a proxy for this missing rate of investment. Mauro [1995] presents evidence that institutional variables explain cross-country differences in rates of investment in physical capital.
The most important difference between the conceptual model and the HW models relates to the human capital variables. The conceptual model in equation (2) includes the rate of investment in human capital during the period of economic growth. HW's models include two human capital variables, the average schooling attainment of the work force prior to the growth period and the average test scores of students during the growth period.
In the dynamic version of the neoclassical model, a comparison of the quality vs. the quantity of schooling would be carried out by testing whether rates of investment in the quality or in the quantity of schooling could better explain growth over the 1960 to 2000 period. Given these differences between the HW models and the conceptual model, it is difficult to interpret their empirical results. But since the two variables for human capital are not measuring comparable components of the work force at the same point in time, it is not possible to conclude that the quality and not the quantity of schooling determines economic growth.
Evaluation of the Test Score Data Used in the Model
The next step is to examine the test score data they use for their human capital variable to determine what it represents. Their measure of cognitive skills is a simple average of the scores on tests of math and science skills given to students aged 9 to 15 between 1964 and 2003. Their data set includes 50 countries, but for about half of these countries, the average scores are calculated from tests given between 1990 and 2003. The countries that lack scores prior to 1990
are primarily low-income countries.
Given the lag between when the tests were given and when the students are likely to have 
II. Specification of an Alternative Growth Model
Since test scores and average schooling attainment are both measures of the human capital stock, a comparison of these two measures requires a model that is a function of stocks of capital rather than the rates of investment in equation (2). The standard income model based on stocks of capital in equation (1) can be converted to a model of economic growth by examining the effect on income of changes in all the explanatory variables in the model over a specified period of time:
Numerous researchers estimated and rejected this model in the 1990s, but Krueger and The model in equation (1) can be estimated directly, but given the high correlation between the stocks of physical capital and human capital and the measurement error in the human capital data, a more accurate estimate of the effect of different measures of human capital may be obtained using reduced-form models. The model in equation (1) can be converted to a model in which income is a function of the physical capital/output ratio (K/Y):
Another reduced form model can be created which contains the price rather than the stock of physical capital. This model is created using the marginal product of physical capital in equation (1):
Solving for K/Y from (5) and substituting this expression into equation (4) yields: Caselli and Feyrer [2007] show that in the global financial market in 1996, the market return on investment in reproducible capital was similar across countries, but the MPK varied because the domestic price of physical capital varied. Cross-country values of MPK (at a constant international price of physical capital) are a function of the domestic price of physical capital (Pk), the working life of physical capital, and the rate of return in the global financial capital market (r k ). Physical capital depreciation rates vary as a function of the asset class, but Caselli [2004] estimates that the average rate is about 0.06, which yields an average working life for physical capital of about 17 years. For this working life it can be shown that:
(7) MPK i ≈ Pk i 1.65 r k.
Substituting equation (7) into equation (6) yields:
In these models human capital per worker (H/L) is a financial measure analogous to the average stock of physical capital per worker (K/L). According to the OECD [2001] , the appropriate measure for this variable is the net stock of capital calculated using the perpetual inventory method. Since average schooling attainment and average test scores are very different measures than the net stock of capital, they can only be used as a proxy for H/L if they vary across countries in a similar manner.
Breton [2010] shows that the average unit cost of schooling rises substantially with increases in average years of schooling, which implies that average attainment is a proxy for log(H/L) rather than for H/L. This log-linear relationship is consistent with the log-linear form of the Mincerian model of worker's income. Figure 1 shows the approximately linear relationship between average test scores and average schooling attainment, which indicates that the test score measure also should be used directly as a proxy for log(H/L).
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Assuming that A i is constant across countries or uncorrelated with the included variables, the following linear models are derived from equations (1), (4), and (8) for statistical estimation:
These three models are estimated in 2000 using data for the 46 countries for which there are average test scores in Hanushek and Woessmann [2009] and average schooling attainment data in 2000 in Cohen and Soto [2007] . Ideally the period used to estimate the models would be 2010, but data for all the required variables were not available for any year after 2000. likely to be less accurate than the data for the other 46 countries, the exclusion of these countries from the analysis is unlikely to bias the statistical results.
HW estimated their growth model using GDP/capita rather than GDP/worker. For consistency with their analysis, GDP/capita is used to compare average schooling attainment and average test scores in the various models. Physical capital per capita is used to estimate the model in equation (9). Since the models are estimated in log form, using per capita rather than per worker data does not affect the estimated coefficients on the capital variables if the two data sets are linearly related. This is unlikely to be the case, but any bias in the estimated coefficients introduced by the use of per capita data should not invalidate the comparison of the effect of average test scores vs. average schooling attainment on GDP/worker.
The (net) physical capital stock per capita was calculated using the perpetual inventory method over the 1960 to 1999 period, annual investment rates, annual GDP/capita and population data, and a geometric depreciation rate of 0.06. The domestic price of physical capital (P k ) is the average of the ratio pi/p for the period 1995-99, where pi is the price level of investment and p is the price level of GDP.
The average test score data were obtained from Hanushek and Woessmann [2009] . Cohen and Soto's [2007] data on average schooling attainment data were obtained from Marcelo Soto. To maintain consistency with HW's analysis, GDP/capita (rgdpch), rates of investment in physical capital (ki), and the data for p and pi were taken from Penn World Table 6 .1 [Heston, Summers, and Aten, 2002] . The physical capital depreciation rate was taken from Caselli [2004] . The data used in the analysis are presented in the Appendix.
III. Statistical Results
The empirical results for the estimates of the various income models are shown in Table   2 . In a national income model with a Cobb-Douglas structure, the coefficient on physical capital The statistical results for the standard income model in equation (9) for the two measures of human capital are shown in columns 1 and 2. In these models, the estimates of α are too high (0.71), and none of the variation in national income is attributed to the human capital measures.
This result is not surprising since the stock of physical capital is calculated from historic GDP data and the two proxies for human capital have considerable measurement error.
Columns 3 and 4 present the results for the reduced-form model in equation (10) As in HW's [2008] analysis, no effort is made to control for simultaneity bias in the various models. HW argue that since the test scores occur many years before national income is estimated, simultaneity bias is not an issue. In their analysis this actually was not the case, since their growth period began before the tests were given. But in the model results presented here, all of the explanatory variables, including the measures of human capital, are predetermined. Bils and Klenow [2000] argue that even if schooling occurs before income is estimated, the estimated coefficients in an income model can still exhibit simultaneity bias. Given the lack of controls for simultaneity bias, the model results in Table 2 cannot be considered causal.
Nevertheless, even if the estimates of the effect of human capital are biased, they still challenge HW's empirical results and their conclusions that the quality and not the quantity of schooling is related to economic growth. These results indicate that average schooling attainment and average test scores are both valid proxies for a nation's relative level of human capital, but that across countries average schooling attainment is a better proxy.
IV. Test Scores, Human Capital, and School Quality
The empirical results in Table 2 are surprising because a priori a nation's average scores on an international test would appear to be a more accurate indicator of its human capital than other possible measures. The problem is that this presumption confuses the precision of a standardized test with its accuracy as a measure of a nation's human capital. In fact, average test scores at ages 9 to 15 cannot provide an accurate measure of human capital in either high-income or low-income countries. In high-income countries a large share of schooling occurs at the university level, where it creates human capital not measured by tests given at ages 9 to15. In low-income countries many students leave school before age 15, so average test scores in these countries cannot estimate the average worker's cognitive skills.
Average test scores also have limitations as a measure of a nation's average school quality at the primary and secondary school levels. A vast array of studies provide strong evidence that the characteristics of a student's home environment have a larger effect on student achievement than school quality [Parcel and Dufur, 2009] . And in the countries in the data set with the highest average test scores (Japan, South Korea, and Singapore), national expenditures for private tutoring are comparable in magnitude to expenditures on public education [Dang and Rogers, 2008] . In these countries test scores are more likely to measure the quality of tutoring than the quality of the schools.
HW's argument that the focus in schooling policy should shift from quantity to quality is based on their implicit assumption that the quantity and the quality of a nation's schooling evolve independently. At the macro level across countries of varying income levels, this does not seem to be the case. Breton [2010] provides estimates of cumulative national investment in the schooling of the work force, adjusted for purchasing power parity. The correlation coefficient between the log of this measure and average schooling attainment is 0.89 for 56 countries in 2000. Lee and Barro [2001] present evidence that across and within countries more school resources raise students' scores on international tests. This empirical evidence indicates that at least in low and middle income countries, as nations devote more resources to their schooling systems, they simultaneously raise the quantity and the quality of schooling.
V. Conclusions
This paper reviews the statistical analysis performed by Hanushek and Woessmann [2008] that supports their conclusion that increases in the quality rather than the quantity of schooling are what contribute to economic growth. This paper argues that their analysis is invalid because they used a mis-specified model and data from an inappropriate time period to estimate the relationship between schooling and growth. This paper presents estimates of the effect of average schooling attainment and average test scores on GDP/capita in 2000, using a standard neoclassical income model and data appropriate for this time period. In these results average schooling attainment provides a better explanation of differences in GDP/capita across countries than average test scores. When both measures of human capital are included in the model, both have a positive relationship to GDP/capita, but average schooling attainment has greater statistical significance than average test scores.
The empirical results in this paper are consistent with HW's contention that increases in cognitive skills drive economic growth. But the statistical results contradict their conclusion that increases in the quality and not the quantity of schooling raise national income. The empirical evidence suggests that at least across low and middle income countries, cumulative investment in schooling, average schooling attainment, and average tests scores rise simultaneously. 20 The evidence presented in this paper does not contradict Hanushek and Woessmann's findings that cognitive skills related to math and science are very low in low-income countries, but it puts a different perspective on these findings. Even though most schools in these countries do not educate students to a high level, the macro evidence indicates that (on average) additional attainment in these schools is associated with increased cognitive skills and increased national income.
